In the last two decades, urbanization has transformed Yogyakarta 
Introduction
Nitrate contamination of groundwater is already known or suspected to be a threat to health. Consequently, the limit amount of nitrate in drinking water is 50 mg/L (WHO, 2004) . Excessive amount of nitrate can cause acute effect of methaemoglobi-naemia, which commonly called as baby blue syndrome and infants less than three months old are most at risk (WHO, 2003) . On the other hand, excessive nitrate is suspected to cause gastric cancer because there is possibility that a combination of nitrates and amines in the digestive tracts results in the formation of N-nitroso compounds, which are potentially carcinogenic (Clough, 1983; WHO, 2003) .
The groundwater nitrate contamination in an improper urbanized area related generally to the widepractice of failure of on-site sanitation systems (Foster and Hirata, 1988, Morris et al., 1994; ARGOSS, 2001) . Besides the failure of on-site sanitation system, the occurrence or concentration of nitrate contaminant in groundwater will depend on the type of settlement, population density, sanitation arrangement and sanitation behaviour (Foster and Hirata, 1988; ARGOSS, 2001) .
Actually there is little nitrate in septic effluent, in fact about 88 -99.6 percent of the nitrogen in septic effluent is in form of ammonium and organic nitrogen (Whelan and Titamnis, 1982, Harrison et al., 2000) . Regardless of the nitrogen form in the septic effluent, under aerobic conditions it can be highly expected that a significant percentage of this nitrogen will be oxidised to form nitrate and the remainder may be lost as ammonia gas or adsorbed as ammonium (GWMAP, 2000) . Nitrate is very mobile and neither little adsorbed nor retarded in the soil and is therefore easily leached by heavy rainfall and infiltrating water. Under shallow groundwater conditions, water quality surveys of domestic wells in on-site sanitation areas have revealed a widespread nitrate contamination (Sinton, 1982; Morris et al., 1994) .
The issue of groundwater contamination from wastewater disposal is a serious problem in cities of developing countries where, generally, there are many high dense populated and unsewered areas created by high rates of migration into cities (high population pressure). These areas are unplanned where pit latrines or septic tanks are common. In some cities, septic tanks and pit latrines are the only way to dispose sewage (unintegrated planned provision of sanitation), while groundwater is the main water drinking source (unintegrated planned provision of water supply).
For our study area, Yogyakarta City, more than 90 % of the inhabitants are using on-site sanitation systems (commonly primitive septic tank system) to dispose their human waste. The reason of the onsite sanitation use is that the existing sewage system can served only less than 9% of the urban population. On the other hand, more than 70% of the population depend much of their water supply from the shallow groundwater, which easily accessed via dug wells (Putra and Azzam, 2007) . Traditionally and due to limited land, the dug wells in the urban area of Yogyakarta City are commonly located closed to the septic system. It means that major population of Yogyakarta City is vulnerable to the potentially faecal coli and nitrate contamination. However, the hazards of faecal coli could be effectively avoided by boiling water before drinking. In case of water containing nitrate, Pacheco et al. (1996) have shown that boiling water is not recommended as this will concentrates the nitrate ions in solution (Pacheco et al., 2001) . Therefore, it is important to identify and evaluate the groundwater nitrate contamination in Yogyakarta City, in order to protect the urban public health and the sustainability of urban development in this city.
Study Area

Overview
Yogyakarta City is located in the central-part of Java Island (Figure 1) , and one of the most important culture city in Indonesia. Historically, Yogyakarta was founded in 1755 as a kingdom lead by the Sri Sultan Hamengkubuwono I. In 1930s, Yogyakarta was just a small town in the interior of Java with approximately 60.000 populations (Baiquni, 2004) . Since 1970s accelerated by urbanization, the settlement pattern was shifting to many direction defined by main road networks and service centres. Until now, new business centres, education centres and tourism centres are growing hand in hand with new settlements without proper provision of water supply and sanitation system. Urbanization has transformed rural dwellings to become urban settlements and generated urban agglomeration area. The Yogyakarta urban agglomeration area consists of the Yogyakarta City municipality and two regencies i.e. Sleman and Bantul with about one million inhabitants. The population density in the Yogyakarta City municipality area vary between 100-300 persons/ha, while the population density in its agglomeration area range between 10-30 persons/ha.
Hydrogeology
The aquifer beneath Yogyakarta City and its agglomeration area can be differentiated into two main aquifers: upper aquifer and lower aquifer (Figure 2 ). The lithology of aquifers is composed by an interbedded middle to coarse sands, gravels, silts, clays and lenses of breccia. In the upper aquifer, sand and gravels are to be more prevalent in the top 10 to 25 m (MacDonald & Partners, 1984) . The lower aquifer consists of generally coarser deposits than the upper aquifer (Hendrayana, 1993) . The thickness of the upper aquifer ranges up to 45 m but is very variable. The average hydraulic conductivity of the aquifer system is about 8.64 m/d (Hendrayana, 1993) , with the average effective porosity of the aquifer of about 20 % (Alpin Consult, 1989) . The regional groundwater flow in the study area is directed from north to south, with groundwater gradient varying from 1/50 in the north to 1/250 in the south. The recent depth to groundwater in the study area varies between 0.32m and 18m with the average depth of about 5 m (Putra and Azzam, 2007) . The hydroche-mical facies of the groundwater in the upper aquifer is predominantly Ca-Mg-HCO − 3 to Na-Ca-Mg-HCO 3 water, while Ca-Mg-Cl-SO 4 water is more dominant in the lower aquifer (Setiadi 1990 , Hendrayana, 1993 . The average annual rainfall in the study area is approximately 2048.5 mm/a from which about 20% infiltrates into groundwater as recharge (Putra and Azzam, 2007) .
According to MacDonald & Partners (1984) , the inorganic chemical quality of the groundwater in the study area was very good for irrigation, drinking and most industrial purposes. Physicochemical characteristics of water ranged between < 100 µS/cm for Specific Electric Conductivity (EC) or < 70 mg/L for Total Dissolved Solid (TDS) in springs water and 600 µS/cm for EC or 500 mg/L for TDS in near geological boundaries of south, east and west. In fact, nitrate concentration in ground-water was commonly less than 2.8 mg/L at that time. The increase of nitrate concentration in shallow groundwater of some part Yogyakarta City was first recognized by Sudharmaji (1991) . He reported that nitrate concentration of shallow groundwater of Yogyakarta City urban area in 1985s varied from 0.03 mg/L to 12.9 mg/L. After about one decade, Smith et al. (1999) reported that the nitrate concentration in groundwater of Kotagede subdistrict (southeast part of Yogyakarta City) was ranged between 20 -160 mg/L and these concentrations tend to increase most during the wet season. Furthermore, Hendrayana and Putra (2000) found that nitrate concentration in shallow groundwater of Wirobrajan subdistrict (west part of Yogyakarta City) was within the range of 1.6 mg/L and 35.4 mg/L.
Estimate nitrate concentration in seepage water under unsewered areas
For persistent and mobile contaminants like nitrate and chloride, the concentration of both contaminants in seepage water of on-site sanitation can be estimated using the following empirical equation proposed by Foster and Hirata (1988) :
Where:
a N unit weight of nitrogen or chloride in excreta (kg/cap/a) D population density (cap/ha) f N proportion of excreted nitrogen leached to groundwater (0.0-1.0) U non-consumptive portion of total water use (l/d/cap) I natural rate of rainfall infiltration (mm/a) The average amount of nitrogen produced pro person is about 4-5 kg in excreta each year, and 2 kg/cap/a for chloride (Foster and Hirata, 1988 , AR-GOSS, 2001 , Gajurel et al., 2003 . While, the leached proportion of excreted nitrogen from on-site sanitation is related to the unsaturated zone materials (see Table 1 ). In principal, a value from 0.01 to 0.6 is considered to be reasonable in proportion of excreted nitrogen leached to groundwater, but in a fractured sedimentary rocks environment, a value up to 1.0 is also possible (Foster and Hirata, 1988; Jacks et al., 1998; GWMAP, 2000; ARGOSS, 2001 ).
Applying the above equation with similar average of non-consumptive water usage and variations of I and f, the estimation of nitrate concentration in seepage water from on-site sanitation in the study area can be conducted (Figure 3 ).
This figure indicates that urban and suburban areas in the study area are capable of producing troublesome nitrate concentration (> 50 mg/L) on high nitrogen leaching condition. But on reasonable value of leaching proportion (f = 0.5), as the dominated unsaturated zone materials in the study area is medium sand, nitrate concentration in groundwater recharge of urban and sub-urban area would be commonly below 50 mg/L. However, the range of nitrate concentration in seepage water is more or less agreed with the last two previous studies of nitrate contamination in the study area conducted by Smith et al. (1999) and Hendrayana & Putra (2000) .
Recent nitrate concentration and its spatial distribution
Groundwater sampling for nitrate analyses was conducted on wet season 2005 and samples were taken randomly from dug wells in formal or informal sub urban and urban settlement-commercial area, agriculture and open spaces area such as grassland, forest, and natural-park of Yogyakarta. Considering that the infiltration time of the recharge water through the unsaturated zone to water table in the study area is commonly less than 3 years (Putra and Azzam, 2007) . The locations of groundwater quality sampling were determined based on 2002 land use map to ensure that the groundwater quality observed recently is already reflecting the immediate human activities. The analysis of 152 groundwater samples shows that nitrate concentration of the shallow groundwater within the study area varies between 0.28 -151 mg/L. Comparison of the nitrate concentration in groundwater of Yogyakarta City over time is given in Table 2 . A box plot diagram of nitrate concen-tration in shallow groundwater from various land use categories within the study area is shown in Figure 4 . This diagram shows a strong relationship between land use category and nitrate concentration. The spatial distribution of nitrate concentration within the study area is given in Figure 5 . Figure 4 and 5 show that not only the land use play a great role to determine the nitrate concentration in groundwater, but also another factors, such as the intrinsic hydro- geological conditions. This can be concluded while the concentration of nitrate in groundwater under similar land use is actually varied. However, according to the land use type, the average value of the groundwater nitrate concentration is following this order; urban > sub urban > agriculture > open space.
In order to prove whether groundwater nitrate of urban and sub urban area originates from faecal source, Foster and Hirata (1988) , Morris et al. (1994) and ARGOSS (2001) suggested to use the ratio between nitrate and chloride concentrations. Nitrate and Chloride can be categorized as very mobile ions and are little retarded or degraded during transport (Freeze and Cherry, 1979 , Appelo & Postma, 1993 , Stigter et al., 2006 . Thus, if the only source of chloride and nitrate (above the background value) is indeed from domestic excreta effluent, the ratio of this ions in the underlying shallow groundwater should be similar to the average nitrogen:chloride ratio in the human excreta (2-2.5:1). These assumptions may not be valid where other wastewaters enter the disposal system (e.g. grey water) since this may contain additional chloride (Morris et al., 1994) . According to ARGOSS (2001) based on their experience, if nitrate:chloride (N:Cl) ratio in groundwater ranges between 1:1 and 8:1, nitrate may originate from the faecal source.
From Figure 6 , it can be seen that all nitrate in groundwater of urban areas and almost all of sub urban areas in 2005 is originated mainly from faecal sources. In fact, almost all of the urban groundwater samples show N:Cl ratio about 2-2.5:1 similar with the ratio of nitrogen:chloride in excreta.
On the other hand, the nitrate:chloride ratio of 1985's urban groundwater data mainly falls between the ratio 1:1 and 1:20, suggesting that most nitrate in urban groundwater at that time were also likely originated from faecal sources, as predicted by Sudharmaji (1991) . Besides showing the evidence of the source of elevated nitrate concentration, Figure  6 shows also the evidence of groundwater chemistry change due to increase of nitrate concentrations in urban groundwater over time. This diagram suggests that in the last 20 years, nitrate built up gradually in groundwater under urbanized area (urban/sub urban area). There are two reasons of this phenomenon; (1) the persistency of nitrate and (2) the increase of nitrate leaching rate over time.
It should be also mentioned that based on the ratio of nitrate:chloride, some samples taken from shallow groundwater under agricultural field and open spaces (incl. natural park and undeveloped area) apparently also contain nitrate which mainly comes from the faecal source. This fact may occur due to relatively fast movement of groundwater flow in the study area. Using the average hydraulic conductivity and effective porosity of the Merapi Aquifer, the groundwater flow velocity can be estimated at an average of 0.5 m/d and thus moves averagely a bit less than 200 m in 1 year. Therefore, because nitrate is very mobile and moves with groundwater with little retardation or degradation over a considerable range of aquifer conditions, the observed groundwater nitrate concentrations could reflect the influ-ences of the upstream land use, in this case urban and/or sub urban area.
Trend of nitrate leaching under unsewered area
The increase of nitrate leaching may be relevant to the booming of population and urbanization process in the study area that started in the last two decades. The percentage of the nitrogen leaching to groundwater can be seen by comparing nitrate:chloride ratio in underlying shallow groundwater with the average of nitrogen:chloride ratio in excreta. The assumption of this comparison is; there is no other source of wastewater that enters to the disposal system which may contain additional chloride (Morris et al., 1994) . Using this assumption, the nitrate:chloride ratios data suggest that (1) Thus, within 20 years, it can be concluded that leaching of nitrate from the on-site sanitation system to groundwater in unsewered -partially sewered urbanized area of the study area increased drastically from about 5% to greater than 80%. The phenomenon of high percentage of nitrogen leaching in old unsewered urbanized area is also reported by Appleyard (1995) and GWMAP (2000) . Based on both studies, there are several factors which cause the increase of nitrate leaching in old developed area, which are; 1. the ammonium adsorption capacity of the soil zone may be fully utilized in older systems, 2. ammonia may be weakly adsorbed as saturated and reducing conditions occur in the soil zone under unsewered sanitations area, 3. the decrease of denitrification process in aquifer.
The first and second factor causes most ammonia from on-site sanitation reach groundwater and may subsequently be oxidized to nitrate (GWMAP, 2000) . Whilst the third factor occurs due to the increase of aquifer redox potentials as the effect of urban recharge processes over a long period (Appleyard, 1995) . Denitrification is known to take place when aquifer redox potentials are less than 300 mV, and when heterotrophic bacteria in presence of organic carbon existing. In the absence of organic carbon, other chemical species such as sulphides and minerals containing Fe(II) can reduce nitrate to nitrogen.
This denitrification condition has probably occurred in the shallow groundwater system of the study area about 20 years ago. At that time, the redox potentials of the upper aquifer system on the depth about 10 -30 m was between +150 and +200 mV, furthermore in the absence of organic carbon, Fe(II) was also presence in the system (MacDonald & Partners, 1984) . In regards to the normal pH range of groundwater (pH = 5-8), dissolved iron will present as Fe(II), since Fe(III) is insoluble under these conditions (Appelo & Postma, 1993) . Based on the facts above, it is reasonable to mention that the denitrification condition in the shallow groundwater system of the study area was more appropriate 20 years ago, resulting low nitrate concentration in groundwater (see Figure 5) . Overall, it can be concluded that the older the unsewered urban area is, the higher is the nitrate leaching and the higher the nitrate concentration in groundwater will be. Furthermore, as some places of sub urban area within the study area are commonly younger than urban area, it is also reasonable that some samples from this land use setting have the ratio of nitrate:chloride in groundwater ranged between 1:20 and 1:1. This fact proves that not all nitrogen from sub urban on-site sanitation leached to groundwater and the subsurface condition beneath sub urban area can remain properly attenuate nitrate contaminant.
Conclusion
From the above result and discussion, there are some conclusions that can be drawn related to the groundwater nitrate contamination under unsewered areas in the study area. First, the estimation of nitrate concentration by applying equation proposed by Foster and Hirata (1988) reveals a rough range of values. However, it is useful for predicting the probable nitrate concentration in groundwater under unsewered condition. Second, the denser the population used the on-site sanitation system to dispose their human waste, the higher the possibility to found troublesome nitrate concentration in groundwater. Third, the older the septic systems, the higher the nitrate leaching into groundwater will be due to the decreasing capability of subsurface attenuation process. Finally, concerning the recent concentration and the trend of nitrate leaching in the groundwater of the study area, it can be predicted that following the increase of urban population, it is no doubt that most of nitrate concentration under urbanized area in the Yogyakarta City and its agglomeration area will be averagely greater than 50 mg/L in less than one decade, if appropriate management action to rectify the problem with on-site sanitation system is not conducted.
